Introduction
During the performance of radiofrequency ablation of osteoid osteomas, the use of intraoperative cone-beam computed tomography (CT) imaging with surgical navigation lowers radiation exposure while allowing real-time targeting of the nidus.
Radiofrequency ablation (RFA) for tumors was initially performed in diagnostic CT radiology suites as it required CT for guidance of the probe insertion. With the advent of intraoperative CT, performing RFA in the operative setting is possible and has several advantages. The sterile environment reduces the risk of contamination and, when a lesion is adjacent to critical structures, limited operative exposures can be performed to move the structure away from the nidus, thereby allowing an RFA to be performed without incurring the morbidity of an osseous resection. In addition, three advances have helped facilitate the performance of RFA in the operative suite with easier targeting of the nidus and less radiation exposure (Video 1):
1. Whereas surgeons traditionally had only twodimensional fluoroscopic imaging for surgical guidance, the development of intraoperative CT scans such as the O-Arm unit (Medtronic, Minneapolis, Minnesota) allows repeated CT scans to be performed readily in the operating room as needed.
2. Real-time surgical navigation is possible with use of infrared optical tracking arrays. These are typically attached to the target as well as to surgical hand pieces that the surgeon manipulates relative to the anatomic target.
3. The use of cone-beam CT technology reduces the radiation dose exposure to the patient compared with that associated with conventional sixty-four-slice CT scanners.
Osteoid osteomas are unusual bone tumors, accounting for 3% to 4% of all bone tumors but 11% to 12% of all benign bone tumors 1, 2 . Patients typically are adolescents or young adults, and there is a slight predilection for males [3] [4] [5] . Nearly all patients have nonactivity-related pain related to inflammatory cytokines elaborated by the tumor's focal point, known as the nidus. The natural history is spontaneous resolution, but this may take many years. Characteristically, aspirin or anti-inflammatory agents relieve the pain, but patients must continue to take medications. For this reason, most choose to have surgical treatment. In the past, this consisted of surgical excisions, either by en bloc resection or intralesional curettage. Currently, radiofrequency ablation is considered the standard of care unless critical structures, such as major neurovascular structures, are in close proximity to the nidus [4] [5] [6] [7] [8] [9] [10] [11] . Some authors have reported successful RFA treatment even when neural structures were adjacent to the nidus 12 . The advantage of RFA relative to other treatment options is that, whereas surgical resection involving curettage, en bloc resection, or wide resection and bone-grafting has had success rates of 90% to 100%, the complication rate has been as high as 20% in some series, with a 4.5% incidence of fractures 3, 8, 13 ; in contrast, radiofrequency ablation is minimally invasive, is successful in relieving pain in >92% of patients, and has a lower risk of complications than surgical excision 8, 14, 15 (Video 2). However, despite the minimal complications 16, 17 , one disadvantage of RFA is the radiation exposure incurred during the CT guidance that is required to accurately place the RFA. As osteoid osteoma frequently affects the pediatric and young adult age group, it is preferable to limit the radiation exposure as much as possible [18] [19] [20] [21] [22] [23] [24] .
In surgical navigation, an optical infrared camera is used to track a target attached to an optical array. These arrays are attached to the target and any surgical instruments. The advantage of surgical navigation is the ability to see the target continuously, in real time, on a virtual image, without any radiation being emitted. Three common platforms for surgical navigation are the Medtronic StealthStation, Brainlab, and Stryker navigation suite (Video 3). The principles for performing the procedure are the same, regardless of the navigation platform used. Nonetheless, some of the details described in the following steps pertain to the Medtronic StealthStation instrumentation and therefore slight modification may be required depending on the platform employed.
The O-Arm uses cone-beam CT technology. This emits only half the radiation dose of a conventional CT. Image contrast is excellent and bone visualization is superb. However, soft tissues are poorly seen. A conventional sixty-four-slice CT scanner emits a higher radiation dose but provides diagnostic-quality images of both bone and soft tissue (Video 3).
The procedure is performed with the following steps.
Step 1: Preoperative Planning (Video 4, time point 0:37)
Review all images to confirm a high level of confidence in the radiographic diagnosis.
• Initiate preoperative planning by reviewing all radiographs as well as CT scans, bone scan, or possibly a magnetic resonance image. • Determine the best route of approach and angle of insertion of the probe into the center of the nidus. Avoid neurovascular structures and determine the best position of the patient on the operating table to facilitate the probe insertion. • Assess the nidus size, as large lesions may require two or more probes, depending on the volume and size of the necrotic zone created by the probe being used.
Step 2: Patient Positioning and Setup (Video 4, time point 01:11)
Be sure to position and set up properly.
• Use a radiolucent operating table.
• Tuck the patient's arms alongside the trunk, instead of laying them out on an armboard. This allows room for the O-Arm to move laterally, toward the patient's head or foot, out of the way from the surgical field. • Be sure that there is a clear line of sight from the target to the StealthStation infrared camera and position the O-Arm screen and StealthStation screens opposite the surgeon for easy viewing.
Step 3: Placement of Tracking Optical Array (Video 4, time point 1:43)
Attach the optical array to the target bone.
• The tracking array should ideally be placed in the same target bone as the lesion to provide structural rigidity between the nidus and the tracking array, an essential requirement for accurate navigation. If the array cannot be placed in the same bone as the target bone and there is motion between the two bones, temporarily stabilize the adjacent bone with a Kirschner wire. • Select a site that has a sufficient distance from the nidus to avoid interfering with the probe placement. • Affix the tracking array with two half-pins (as shown in Video 4), using the same technique as external fixator pin placement. Alternatively, in cancellous bone (e.g., the posterior iliac crest), a splined cruciate stem (Medtronic StealthStation) pounded into the bone may provide superior fixation. Ensure that all connections between the array and the target bone are secure, as rigid fixation of the tracking array is necessary to optimize navigation accuracy.
Step After placing the tracking array, place the plastic drape provisionally around the O-Arm, then rotate the O-Arm to close it around the patient, and complete the draping by sliding the plastic around the closed unit.
• Center the target nidus within the field of view by using the O-Arm's anteroposterior and lateral scout fluoroscopic imaging. • Perform a CT spin. The image data acquired are transmitted wirelessly to the StealthStation for analysis, and a virtual image is merged with the surgical instruments that are navigated. • Use a sterile mouse to manipulate the image for analysis.
Step 5: CT Data Interpretation and Approach Planning (Video 4, time point 3:31)
Analyze the initial images, rotated or positioned as necessary, to allow you to proceed with the planned direction and angle of approach to the nidus.
• The CT scan is formatted on a separate threedimensional workstation with the use of the sterile mouse. Scroll through and interpret the images to analyze the best approach and angle of placement for the radiofrequency probe. Video 4 demonstrates use of the sterile mouse to locate the target nidus. The field scrolls through images, while the upper left mouse button selects the image for analysis, as indicated by the yellow outline.
Step 6: Surgical Navigation Setup (Video 4, time point 3:48)
Register the surgical instruments with the surgical navigation unit.
• To track the surgical instruments, register them with the StealthStation. Typically, a pointer and a Kirschner wire drill guide are needed. Use the Kirschner wire, with a diameter slightly larger than the probe, to drill the pilot hole for the probe. If you use a Covidien probe (Mansfield, Massachusetts), a cannulated dilator for a 0.06in (1.6-mm) Kirschner wire from a biopsy trephine set (Innomed) is the perfect size required. • The workstation then utilizes the CT data that have been collected, matches them up with the surgical instruments, and displays both the bone and the instrument relative to each other on the screen as a virtual image that constantly updates in real time.
Step 7: Nidus Localization and Kirschner Wire Insertion (Video 5)
Target the nidus and then insert the Kirschner wire into its center.
• Locate the nidus, and determine where the stab incision should be made, by using the pointer, which is tracked continuously in real time and shown on the virtual CT image. Use the information displayed on the virtual CT image to position the pointer directly over the target nidus (Video 5, time point 1:15). Pivot the pointer in different angles relative to the target to determine the best approach angle to enter the nidus (Video 5, time point 1:28). • Make a stab incision and dilate the soft tissues down to the target bone and the location of the nidus using a clamp or other instrument. • Preload the Kirschner wire in the wire guide and place it at the appropriate location for the target nidus. Using the StealthStation software, one can measure the distance from the outer cortex to the far side of the nidus to determine how far to insert the Kirschner wire and then mark this depth on the wire using a marking pen or sterile adhesive strip. Under direct vision, watch the real-time virtual image to keep the guide targeted and aligned properly along the proper angle of entry while drilling and inserting the Kirschner wire into the center of the nidus (Video 5, time point 1:58). • Perform a CT scan to confirm proper placement.
Perform any necessary adjustments, and make another CT scan for confirmation.
Step 8: Exchanging Kirschner Wire for a Radiofrequency Probe (Video 5, time point 3:14)
Once the accuracy of the Kirschner wire placement is confirmed, exchange it for the radiofrequency probe and perform a CT scan to confirm proper probe placement. The probe size determines the size of the necrotic zone and may vary depending on the probe manufacturer. If the nidus is <2 cm in diameter, a single 1-cm probe is usually satisfactory. However, if the nidus is large (for example, >2 cm), then two or more equally spaced probes may be required (Fig. 1 ).
• Pre-position the probe and place it parallel to the Kirschner wire so that it can be immediately inserted into the same hole without losing the alignment and location of the cortical hole. This can be challenging when the nidus is in a deeply situated bone. The use of a soft-tissue protector sleeve to maintain access to the cortical hole after removal of the Kirschner wire is helpful. • Remove the Kirschner wire and place the probe in the same hole in which the Kirschner wire was placed. Be careful to place the probe at the same location and depth as the Kirschner wire to ensure its proper position.
Step 9: Confirmation of RFA Probe Placement (Video 5, time point 4:17)
Perform a CT scan to confirm proper placement of the probe within the center of the nidus.
• It is critical to perform a CT scan to confirm the proper placement of the probe within the center of the nidus. It is imperative that the RFA probe be in the exact location planned to ensure success of the procedure. • If placement is suboptimal, repeat the targeting process until the probe is in the correct location.
Step 10: Activation of the Radiofrequency Probe and Closure (Video 5, time point 4:59)
Perform the radiofrequency treatment to ablate the cells within the nidus.
• After the probe is in place, attach it to the radiofrequency generator. • Turn on the generator and adjust the voltage to maintain the temperature at 90°C for six minutes. It may be necessary to do this twice if two probes are placed. Alternatively, some manufacturers have a dual probe setup that enables simultaneous treatment. • Withdraw the probe, suture the wound, and place a sterile dressing.
Results
We conducted a study 25 of three different techniques of radiofrequency ablation. In the first group of patients, the O-Arm was used with surgical navigation. In the second group, only the O-Arm CT scan was used, without surgical navigation. In the third group, a diagnostic-quality CT scan in a radiology suite was used. We looked at the radiation exposure, which is especially important in this group of children and adolescents. The radiation exposure for those undergoing the CT scan technique was nearly twice as great as that for the patients treated with the O-Arm with or without navigation. This difference was significant (p < 0.05).
The outcomes of treatment were statistically the same regardless of which technique was used to target the lesion. Overall, 92% of the sixty-three patients were pain-free at a mean of fifty-three months postoperatively. The vast majority of relapses occurred within the first year or two (Video 6).
What to Watch For

Indications
• Painful osteoid osteoma with symptoms unresponsive to analgesics. • Painful osteoid osteoma with symptoms responsive to medication but when prolonged course of treatment is considered undesirable. • Secondary deformity such as a scoliosis, which is rare.
Contraindications
• Patients who have a critical structure in close proximity to the nidus that cannot be surgically displaced out of the RFA treatment zone and therefore is at risk of being harmed by the RFA.
Pitfalls & Challenges
• Correct probe placement is the key to success of the procedure. • To ablate all of the cells within the entire nidus, the necrotic zone of the probe being used must be known, and the probe must be positioned so that the necrotic zone extends beyond the borders of the nidus. • The necrotic zone created by a single probe may be too small for some larger nidi. A larger probe could be used, but this may result in excessive tissue ablation as most probes create a somewhat spherically shaped necrotic zone and most larger nidi have a longer ovoid shape rather than being spherical. A solution is to insert two probes in parallel fashion, with each probe placed into the center of the two halves of the nidus (Fig. 1 ). • Be sure that the probe is placed at the correct depth. • Advance the electrical current setting of the generator slowly up to 90°C as some generators may automatically shut off if the temperature exceeds the set limit, and one must then restart the ablation. • Monitor the current setting and adjust it as necessary to maintain 90°C.
Clinical Comments
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